Males and females share the same genome, thus, phenotypic divergence requires differential gene expression and sexspecific regulation. Accordingly, the analysis of expression patterns is pivotal to the understanding of sex determination mechanisms. Many bivalves are stable gonochoric species, but the mechanism of gonad sexualization and the genes involved are still unknown. Moreover, during the period of sexual rest, a gonad is not present and sex cannot be determined. A mechanism associated with germ line differentiation in some bivalves, including the Manila clam Ruditapes philippinarum, is the doubly uniparental inheritance (DUI) of mitochondria, a variation of strict maternal inheritance. Two mitochondrial lineages are present, one transmitted through eggs and the other through sperm, as well as a motherdependent sex bias of the progeny. We produced a de novo annotation of 17,186 transcripts from R. philippinarum and compared the transcriptomes of males and females and identified 1,575 genes with strong sex-specific expression and 166 sex-specific single nucleotide polymorphisms, obtaining preliminary information about genes that could be involved in sex determination. Then we compared the transcriptomes between a family producing predominantly females and a family producing predominantly males to identify candidate genes involved in regulation of sex-specific aspects of DUI system, finding a relationship between sex bias and differential expression of several ubiquitination genes. In mammalian embryos, sperm mitochondria are degraded by ubiquitination. A modification of this mechanism is hypothesized to be responsible for the retention of sperm mitochondria in male embryos of DUI species. Ubiquitination can additionally regulate gene expression, playing a role in sex determination of several animals. These data enable us to develop a model that incorporates both the DUI literature and our new findings.
Introduction
Males and females undergo different selective pressures, some operating in opposite directions. Because both sexes share the same genome (except for sex chromosomes, where present), phenotypic divergence requires sexspecific regulation (Ellegren and Parsch 2007; Arnold et al. 2009) , and males and females, even with the same set of genes, show differences in gene expression or use alternative splice forms (Long et al. 1995; Nuzhdin et al. 1997; Jin et al. 2001; McIntyre et al. 2006; Foley et al. 2007; Chang et al. 2011) . Overall, sex-related differences in gene expression were observed across a wide range of taxa (Ellegren and Parsch 2007) . For example, over 12% of the germ line transcripts of Caenorhabditis elegans showed a sex bias, and expression analyses on whole Drosophila melanogaster body showed that the proportion of genes presenting a sex bias is around 57% (Jin et al. 2001; Arbeitman et al. 2002; Meiklejohn et al. 2003; Parisi et al. 2003; Ranz et al. 2003; Reinke et al. 2004) , and almost all are specific for reproductive tissues (Parisi et al. 2003) . For these reasons, the analysis of their expression patterns is pivotal to the understanding of sex determination and differentiation mechanisms (Connallon and Knowles 2005) . A common feature of sex-biased genes is that they evolve more rapidly than other genes (Zhang et al. 2004) , and genes that are expressed exclusively in males show the greatest amino acid divergence (Richards et al. 2005) . Whether or not these patterns would hold true across the animal kingdom is unknown. In this paper, we analyze expression pattern and polymorphism of sex-and family-biased genes in the Manila clam Ruditapes philippinarum in order to get insights into the mechanisms of sex determination and mitochondrial doubly uniparental inheritance (DUI) (Skibinski et al. 1994a (Skibinski et al. , 1994b Zouros et al. 1994a Zouros et al. , 1994b .
Sex Determination in Bivalves and DUI
Many bivalves are stable gonochoric species, but the mechanism of gonad sexualization and the genes involved are still unknown (Paz et al. 2005; Breton et al. 2007) . During the period of sexual rest, a gonad is not present and sex cannot be determined. Every year in the reproductive season, testis and ovary develop from a group of germ cells (Devauchelle 1990; Milani L, Ghiselli F, Maurizii MG, and Passamonti M, in preparation) , and sex can be determined by detecting sperm or oocytes microscopically. In addition, heteromorphic sex chromosomes appear to be absent from bivalves (Sastry 1979; Borsa and Thiriot-Quiévreux 1990) .
DUI is a mechanism associated with germ line differentiation in some bivalves, including R. philippinarum, a noteworthy variation of the strict maternal inheritance. In DUI species, two mitochondrial lineages are present, one transmitted through eggs (called F, for female-transmitted) and the other transmitted through sperm (called M, for male-transmitted). In DUI, both sexes inherit F mitochondria from the mother, whereas M mitochondria are transmitted from father to sons only (Breton et al. 2007; Passamonti and Ghiselli 2009) . Thus, two different mitochondrial genomes, with an unexpectedly high level of sequence divergence, up to 52% (DoucetBeaupré et al. 2010) , are detectable. In addition, a high variability of progeny sex ratio was observed in Mytilus DUI species: Some females produce female-biased offspring, others male-biased and still others a 1:1 ratio (Saavedra et al. 1997; Kenchington et al. 2002 Kenchington et al. , 2009 Cogswell et al. 2006) . The existence of lineages presenting skewed sex ratios in DUI animals has been proposed to be a peculiarity of their sex determination mechanism. Experimental evidence suggests that control over sex ratio is exercised by the mother's nuclear genome (Saavedra et al. 1997; Kenchington et al. 2002 Kenchington et al. , 2009 Cogswell et al. 2006) . Indeed, matings of the same female with different males always give the same sex ratio, but matings of the same male with different females result in different sex ratios. The genetic factors involved are so far unknown, but probably sex determination in bivalves is oligogenic, with multiple coexisting genes (Kenchington et al. 2002) .
In embryos of analyzed DUI species, sperm mitochondria follow two different distribution patterns. In males, they aggregate near the cleavage furrow at the first cell division, eventually segregating into the primordial germ cells, whereas in females they are dispersed among blastomeres and degraded (Cao et al. 2004; Obata and Komaru 2005; Cogswell et al. 2006; Kenchington et al. 2009; Milani L, Ghiselli F, and Passamonti M, in preparation) . Sperm mitochondria degradation in mammal embryos is mediated by ubiquitination (Sutovsky et al. 2000; Sutovsky 2003) , and a modification of this mechanism has been hypothesized as responsible for the retention of sperm mitochondria in male embryos of DUI species (Kenchington et al. 2002) . Other than its role in protein degradation, ubiquitination can regulate gene expression: Ubiquitin proteolysis can control transcription through degradation of specific transcription factors (Salghetti et al. 2001 ) and can be involved in mRNA processing (Muratani et al. 2005) . A role of ubiquitination was observed in sex determination (Drosophila: Bayrer et al. 2005; C. elegans: Hodgkin 1987; Hansen and Pilgrim 1999; Starostina et al. 2007; Kulkarni and Smith 2008) , in sex transition (i.e., gonadal transformation from ovary to testis in proterogynic species) and testis maturation (teleost fishes: Fujiwara et al. 1994; Sun et al. 2008; C. elegans: Shimada et al. 2006) , and in human male germ cell development (Ginalski et al. 2004) .
Sex ratio bias, together with sperm mitochondrial maintenance in male embryos, led to the hypothesis of a relationship between DUI and germ line specification. In more detail, a role of sperm mitochondria in inducing the development of the undifferentiated gonad into a testis was proposed (Saavedra et al. 1997; Kenchington et al. 2002) . However, whether the relationship between DUI and sex determination is causative (DUI having an active role in sex determination) or associative (DUI being a byproduct of sex determination) is still an object of debate (see, e.g., Kenchington et al. 2009; ).
Genomic Resources in Molluscs
Among metazoans, the phylum Mollusca is second only to arthropods in the number of living species and is by far the largest group of the Lophotrocozoa. The class Bivalvia includes both marine and freshwater species; its largest recent family, the Veneridae, originated 350 Ma and contains about 800 species (Mikkelsen et al. 2006 ). Bivalve molluscs make up an important source of food all over the world, with a production of over 11.7 million metric tons in 2008, corresponding to 22% of the global aquaculture production. Among them, the family Ostreidae has the highest production, closely followed by the Veneridae (Food and Agriculture Organization Statistical Division data). Among Veneridae, R. philippinarum alone represents 23.5% of all bivalve production, being one of the most important species in global aquaculture. The importance of bivalves in marine ecosystems and aquaculture argues for the development of bivalve genomics and genomic resources (Hedgecock et al. 2005; Saavedra and Bachère 2006) . Some libraries have been reported for commercial bivalves (see, e.g., Boutet et al. 2008; Craft et al. 2010; Milan et al. 2011 ). However, the structure and gene content of bivalve genomes have been poorly understood and even the most important aquacultured organisms on a global scale are minimally represented in GenBank. Of bivalves entrees in GenBank, R. philippinarum represents 1.1% of nucleotide sequences (405 of 36,445), 1.6% of the expressed sequence tags (5,656 of 358,773), and 1.5% of protein sequences (303 of 20,225) , all about an order of magnitude lower than for oysters and mussels.
In this paper, we produced a de novo annotation of 17,186 transcripts from R. philippinarum, improving significantly the amount of data available to the scientific community. Moreover, our data provide the basis for the development of sex-specific genetics markers that would make the manipulation of sex determination possible, providing a useful tool for selective breeding programs of economically important species. Ghiselli et al. · doi:10.1093/molbev/msr248 MBE Here, we report the first whole transcriptome analysis by RNA-Seq performed to identify genes involved in bivalve sex determination and DUI. The characterization of genes associated with reproduction and the analysis of their expression pattern and polymorphism can provide insight into molecular mechanisms regulating sex determination. We compared the transcriptomes of males and females and identified 1,575 genes with strong sex-specific expression and 166 sex-specific single nucleotide polymorphisms (SNPs), obtaining preliminary information about genes that could be involved in sex determination. Furthermore, for the first time in a DUI species outside the Mytilus complex, we confirmed the presence of sex-biased families. Then, we compared the transcriptomes between a family producing predominantly females and a family producing predominantly males to identify candidate genes involved in the regulation of sex-specific aspects of DUI system. Finally, we produced a model that is consistent with the DUI literature and with our new transcriptomic data.
Materials and Methods

Clam Families
In 2006, Taylor Shellfish Farm (Quilcene, WA) generated 29 families of clams by pairwise crosses of animals originally caught in the wild. In the summer of 2009, the sex ratio of these families was determined by relaxing the clams with MgSO 4 and taking a needle biopsy of gonad tissue for microscopic examination (table 1). Additional individuals from two families, which were selected for their strong sex bias, 023 (female-biased) and 025 (male-biased), were shipped to the University of Southern California, where the live animals were opened and sexed. The bodies of three males and three females from each family were frozen in liquid nitrogen for eventual preparation of cDNA libraries.
Library Preparation
RNA purification, cDNA synthesis, and Illumina library construction were performed using the protocols of Mortazavi et al. (2008) , with the following modifications. Total RNA, mRNA, and DNA were quantified using a Qubit fluorometer (Invitrogen). mRNA fragmentation was performed using Fragmentation Reagent (Ambion) for a 3 min and 50 s incubation at 70°C and subsequently cleaned through an RNA cleanup kit (Zymo Research). Additional DNA and gel purification steps were conducted using Clean and Concentrator kits (Zymo Research). Each sample individual was barcoded following the Illumina protocol. Two technical replicates were generated per individual for paired-end 71-bp reads on an Illumina Genome Analyzer II, producing a total of 2 technical replicates Â 3 biological replicates Â 2 sexes Â 2 families 5 24 samples. (Ewing and Green 1998) quality value less than 15, or if the read contained more than two unknown nucleotides (i.e., N). Reads were also filtered if they were similar to known polymerase chain reaction primer and Illumina adapter sequences. Since the M and F mitochondrial genomes are available (GenBank accession numbers AB065374 and AB065375), additional reads were removed when aligned with six or fewer mismatches to these sequences. After these four filtering steps, 32.9 M paired-end reads and 8.1 M single-end reads were kept for further analyses (supplementary table S1, Supplementary Material online). The 41 M retained reads were assembled with Velvet (version 1.0.15) (Zerbino and Birney 2008) , in conjunction with a custom post-processing algorithm capable of retaining information from alternative splices. Velvet was run under the following settings with a kmer length of 35: -cov_cutoff auto -max_branch_length 0 -max_divergence 0 -max_gap_count 0 -read_trkg yes. Sequenced reads that were kept as pairs and not filtered out together or separately were treated as ''-shortPaired'' with insert length of 105 bases and standard deviation of 40 bases. Singleend reads that were not filtered out were treated as ''-short.'' ASplice was run with default parameters. These algorithms utilize de Bruijn graphs to assemble short reads into contigs, using sequence overlap information, until the contigs can no longer be extended. The assembly resulted into 35,784 contigs clustering within 22,886 nodes. These nodes represent genes and their isoforms identified in the assembly. The assembled sequences are available on the NCBI Transcription Shotgun Assembly Database (GenBank Accession Numbers: JO101212-JO124029).
With the set of de novo sequences serving as a reference, reads from each of the individual samples were mapped using the Burrows-Wheeler Alignment tool (Li and Durbin 2009) . The number of reads that mapped to each gene was tabulated and normalized to calculate fragments per kilobase of exon per million fragment sequenced (FPKM). Additional normalization among all samples was performed, using the Trimmed Mean of M values protocol outlined in Robinson and Oshlack (2010) , which takes into account differences in overall RNA populations across biological samples and is one of several methods used to evaluate RNA-sequencing data. Normalization was implemented using the edgeR package in R (Robinson and Smyth 2007) . To detect differential expression, we used FPKM values as the dependent variable in gene-specific mixed linear models implemented in R. Sex, family, and sex-by-family interaction were fixed effects, whereas replicates were random effects. The false discovery rate was used to account for multiple testing (Benjamini and Hochberg 1995) ; a cutoff of 0.05 was applied to call effects significant. The significance of differential gene enrichment between groups was tested using a Wilcoxon rank sum test. All statistical analyses and graphs evaluating consistency between replicates and genotypes were produced using R v2.13.0.
Gene Functional Annotation and Classification
Blast2GO v.2 (Götz et al. 2008 ) and WEGO (Ye et al. 2006) were used to obtain dene ontology (GO) annotations. Genes were also annotated using a BLASTX (Altschul et al. 1990 ) search to the nonredundant GenBank CDS translations þ PDB þ SwissProt þ PIR þ PRF (nr) database available from GenBank (expected value ,1.00 Â 10 À5 ). Extensive databases of sequences for Pacific oyster and blue
Male proportion in families. The percentage of males per family ranges from 8% to 83%. The chi-square test is highly significant (P , 0.001), supporting the sex ratio heterogeneity across all the families. Ghiselli et al. · doi:10.1093/molbev/msr248 MBE mussel are available, but the divergence time with R. philippinarum was estimated between 542 and 488 Ma (Plazzi and Passamonti 2010) . For this reason, we allowed a higher flexibility and chose the annotation with the highest BLAST score as long as the span of the alignment was greater than 80% of the length of the gene under query. For genes that did not report any hits, we lowered the minimum span to 40% of the length, choosing the annotation with the highest BLAST score, having Expected value ,1.00 Â 10 À5 . The GOstat package (Beissbarth and Speed 2004 ) was used to identify overrepresented GO categories in groups of transcripts (P , 0.01). InterProScan version 4.8 (Hunter et al. 2009 ) was used to identify functional conserved domains of reproductive and ubiquitination genes.
Sequence Polymorphism Analysis
Representative transcript sequences were identified using a global multiple sequence alignment of all contig sequences for each node. For each sample, SNPs were identified with reference to the de novo assembled reference sequence, using SAMtools (Li et al. 2009 ). Given the nature of the assembly, the SNP data were calculated in a conservative and parsimonious way: Sites with less than 5Â coverage were discarded, positions with a phred score lower than 15 were excluded, and indels were not taken into account. All assembled sequences were then aligned and analyzed with the VariScan 2.0 software (Hutter et al. 2006 ) in order to compute polymorphism data. A block data file was generated to specify gene boundaries in the alignment in order to calculate the statistics for each gene. The program was run under the following settings: RunMode 5 12, UseMuts 5 1, CompleteDeletion 5 0, FixNum 5 1, NumNuc 5 9, SlidingWindow 5 0. This configuration reported the number of segregating sites (S), total number of mutations (g), the number of singletons, nucleotide diversity (p), Watterson's estimator of nucleotide diversity per site (h), Tajima's D statistic, Fu & Li's D* and F*. Sequence polymorphism was analyzed between the following differentially expressed gene categories: family-biased genes versus family-unbiased genes, sex-biased genes versus sex-unbiased genes, male-biased genes versus female-biased genes, and reproductive genes versus male-biased genes. The reproductive gene group included genes annotated by Blast2GO under the ''Reproduction'' category. We used R ; table 4 ). In males, sex-biased genes are 4.7 times more expressed than unbiased genes, whereas in females, the ratio is 2.9 (see table 3). Male-biased genes in females of Family 2 (which produces more males) show higher transcription in comparison to females of Family 1 (which produces more females) (P 5 7.9 Â 10 À3 ; table 4). Males show higher transcription of female-biased genes than females of male-biased genes (P , 2.2 Â 10 À16 ; table 4). (B) Family-biased transcripts are more highly expressed in males and females of Family 2, with males having a higher expression than females. In Family 1, the ratio between family-biased and family-unbiased genes is 2.6, whereas it is 3.6 in Family 2 (see table 3 ).
Transcriptome Analysis of Ruditapes philippinarum · doi:10.1093/molbev/msr248 MBE v2.13.0 to obtain Kernel density plots of D, D*, and F* and to calculate Wilcoxon rank sum tests of polymorphism between groups. We identified SNPs that were sex or family specific (specific SNP; All individuals within a group have the SNP andnoindividualsoutsideofthisgrouphaveit).Weannotated genes containing specific SNPs with Blast2GO.
Results
Sex Ratio-Biased Families
We aimed at comparing the transcriptomes of males and females from families comprising mostly male or female progeny. We secured 951 samples representing 29 families; 578 animals responded to relaxation or were sacrificed and could be sexed. The overall sex ratio of the population was balanced (male/female ratio50.52), but the percentage of males per family ranged from 8% to 83% (see table 1 ). The contingency chi-square test is highly significant (P , 0.001), supporting sex ratio heterogeneity among families ( fig. 1) . Female-biased family 023 (males517%) and male-biased family 025 (males582%) were chosen for transcriptomic analyses. Here, we refer to the female-biased family as ''Family 1'' and to the male-biased family as ''Family 2.''
Short-Read Sequencing and De Novo Assembly
The 35,784 cDNA sequence contigs found within 22,886 nodes represent isoforms, ranging in lengths from 300 to 20,197 bp, with median and N50 lengths of 590 and 1,434 bp, respectively. Contigs within a node can be collapsed into a single ''representative node sequence,'' with median and N50 lengths of 506 and 1,011 bp, respectively. Of the 22,886 node sequences, 6,271 (27%) contain multiple contigs, which potentially correspond to different isoforms. The assembly produced a substantial number of long node sequences: 11,593 (51%) are .500 bp and 4,746 (21%) are .1,000 bp. The total length of all node sequences is 18.1 Mb (table 2) .
Expression Bias
We identified 1,575 genes that differed in overall expression levels between males and females (sex-biased genes), 165 genes that differed between the two families (family-biased genes), and 47 genes that had a sex-family interaction effect. Among sex-biased genes, 935 are male-biased, whereas 640 are female-biased (table 3) . A radar plot of the mean gene expression within each group is shown in figure 2 (numeric values in table 3), and the statistical significance of the differential transcript enrichment in all analyzed groups is shown in table 4. Sex-biased genes are more highly expressed in males than in females (P , 2.2 Â 10 À16 ). Male-biased genes in females of Family 2 (which produces more males) show higher transcription in comparison to females of Family 1 (which produces more females) (P 5 7.9 Â 10 À3 ). Males show higher transcription of female-biased genes than females of male-biased genes (P , 2.2 Â 10
À16
). Family-biased transcripts are more represented in males and in Family 2 ( fig. 2B ; table 4): Specifically, they are more highly expressed in males and females of Family 2, with males having a higher expression than females. Annotation 8,473 genes, corresponding to 37% of the entire data set ( fig. 3 ), were annotated with Blast2GO. Contig sequences were also aligned using a BLASTX search to the nr protein database available from GenBank; 12,915 nodes (56%) had a hit when the length of the alignment was required to be greater than 80% of the length of the query. For 4,176 nodes that did not have any acceptable hits, we were able to find local regions of similarity (40% of the length), which could be an indication of a conserved domain. Overall, 17,091 genes (75%) were annotated with BLASTX, providing 8,713 hits in addition to the GO annotations. In total, 17,186 genes were annotated (8,473 with GO and 8,713 with BLASTX), and 5,700 genes (25%) were not annotated ( fig. 3) . The proportions of GO-annotated genes are almost identical in sex-biased and family-biased transcripts, the lowest proportion being in male-biased genes (32%) and the highest proportion in female-biased genes (44%). The highest percentage of nonannotated genes is in female-biased ones (20%) (fig. 3) . The distribution of GO terms (Level 2) is shown in figure 4: In the biological process domain, the most represented terms are cellular process (23%), metabolic process (17%), and biological regulation (10%), whereas developmental process constitutes 7% and reproduction 1.5%. Binding (53%) and catalytic activity (34%) are the principal terms for molecular function. The cellular component domain shows an abundance of the organelle term (32%). Ghiselli et al. · doi:10.1093/molbev/msr248 MBE DUI is believed to be linked with sex determination (Breton et al. 2007; Passamonti and Ghiselli 2009; Breton, Beaupre, et al. 2011; Breton, Ghiselli, et al. 2011) ; for this reason, we focused further analyses on the reproductive biological process. In addition, we analyzed transcripts related to the ubiquitination process since it is involved in mitochondrial inheritance (sperm mitochondria degradation in mammals: see Sutovsky et al. 2000) . Annotation, function, and expression ratio of biased genes are reported in table 5 (reproductive genes) and table 6 (ubiquitination genes). Most of the overrepresented GO terms (supplementary table S2, Supplementary Material online) belong to male-biased genes and are related to the reproductive process. We also identified functionally conserved domains of genes involved in sex determination and ubiquitination (supplementary fig. S1 , Supplementary Material online).
Sequence Polymorphism
The number of SNPs identified for each individual ranged from 14,740 to 27,666 (supplementary table S3, Supplementary Material online). The scatter plot of the coverage against the number of SNPs shows no correlation between them ( fig. 5) . We calculated the values of S, g, number of singletons, p, h, Tajima's D, Fu & Li's D* and F* for 13,441 genes; for the remaining genes, analysis was not possible due to the absence of polymorphism (i.e., S 5 0) or because of gaps or missing data in the alignment. Only loci for which at least 9 of the 12 individuals had data were included. Overall, 13,342 family-unbiased genes, 99 familybiased genes, 12,381 sex-unbiased genes, 1,031 biased genes, 495 female-biased genes, 533 male-biased genes, and 29 reproductive genes were analyzed.
For each category, Kernel density plots of Tajima's D, Fu & Li's D*, and Fu & Li's F* were obtained ( fig. 6) , showing notably different frequency distribution between biased and unbiased genes. The Wilcoxon rank sum test between biased and unbiased genes of each category is significant in all cases (P values in table 7), showing that sex-and familybiased genes have higher polymorphism compared with unbiased genes, and that male-biased genes have higher polymorphism than female-biased genes. Reproductive genes appear to be the most variable among the sex-biased genes (table 7; fig. 6 ).
The specific SNPs are 131 in males, 35 in females, 15 in Family 1, and 6 in Family 2, whereas the number of SNPcontaining genes is 103, 30, 14, and 6, respectively (table 4) . Genes containing specific SNPs were annotated with Blast2GO (supplementary table S4). The GO annotation was successful for 23% of the male-specific SNP genes and for 30% of the female genes. We identified six reproduction-associated genes containing male-specific SNPs: Four are involved in sperm motility and two in the   FIG. 3 . Proportion of annotated genes. All genes: 8,473 genes, corresponding to the 37% of all the data set (orange color), were annotated with GO. Contig sequences were also aligned using a BLASTX search to the nr protein database available from GenBank: 12,915 nodes resulted in a hit when the length of the alignment was required to be greater than 80% of the length of the query. For 4,176 nodes that did not report any acceptable hits, we were able to find local regions of similarity (40% of the length; light blue color). Overall, 17,091 genes (75%) were annotated with BLASTX, providing 8,713 extra hits in addition to the GO annotation, thus, the nonannotated genes were 5,700, that is, the 25% of the data set (gray color). Dark blue color indicates genes annotated by BLASTX (80%) but not with GO.
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Discussion
Sex-Biased and Family-Biased Gene Expression
We found 1,575 genes showing a significant differential expression between sexes. This is a substantial number considering the lack of secondary sexual characters and sexual dimorphism in bivalves, and that sex-specific function of reproductive genes in these organisms is limited to gonad development, gametogenesis, and fertilization.
As reported for other species Ranz et al. 2003; Ellegren and Parsch 2007) , most of the genes contributing to differential expression are malebiased. Males show a higher expression of sex-biased genes (male-biasedþfemale-biased) than females (P , 0.001, table 4; fig. 2A ), and the expression of female-biased genes in males is higher than the expression of male-biased genes in females (P , 0.001, table 4). This is consistent with femalebiased genes having a higher proportion of essential functions (thus shared by the two sexes) than male-biased genes (Zhang et al. 2004; Proschel et al. 2006; Clark et al. 2007; Ellegren and Parsch 2007; Larracuente et al. 2008) .
In order to find genes involved in the skewed sex ratio, we investigated the differences in gene expression between families showing an opposite sex bias (85% of females in Family 1; 82% of males in Family 2) and identified 165 genes with a distinct family-biased expression. We also found interactions between sex and family, meaning that being a male (female) in one family is not the same as being male (female) in the other family, from a transcriptional point of view. Transcriptional activity of family-biased genes seems to follow the trend of the sex towards which expression is biased, with the male-biased family being more transcriptionally active than the female-biased family (P , 0.001, table 4; fig. 2B ), suggesting that upregulation of transcriptionally biased genes is a typical male feature (see also Connallon and Knowles 2005) . The most interesting observation is that females of the male-biased family express more male-biased genes than females of the female-biased family (P , 0.01, table 4); if their eggs contain a greater amount of male-biased transcripts, a role in male embryo development could be proposed. The process by which maternal factors in the egg influence the early embryonic stages of the progeny is called preformation (reviewed in Extavour and Akam 2003) . Preformation was observed in R. philippinarum germ line-specific RNA helicase Vasa (Milani et al. submitted) and in the bivalve Crassostrea gigas (Fabioux et al. 2004) .
Having obtained the expression patterns, we proceeded with annotation. Thirty-seven percent (8,473) of all genes was annotated with GO, and the proportion of identified transcripts increased to 75% (17,186) when the BLASTX annotation was included. Considering the absence of a reference genome and the lack of genetic information from species related to R. philippinarum, we find these results gratifying. The highest proportion of GO-annotated sexbiased genes is among female-biased transcripts (44%), whereas male-biased ones have the lowest (32%) (fig. 3 ). This could be explained by the faster evolution of male-biased genes (thus, the lower percentage of orthologs found through Blast2GO). Quite surprisingly, the opposite situation is observed with nonannotated genes: 20% of female-biased genes are unidentified, against 13% of the
FIG. 4. Distribution of GO terms (Level 2). Biological process domain:
The most represented terms are cellular process (23%), metabolic process (17%), and biological regulation (10%), whereas developmental process constitutes 7% and reproduction 1.5%. Molecular function domain: Binding (53%) and catalytic activity (34%) are the principal terms. Cellular component domain: An abundance of the organelle term is present (32%).
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male-biased ones. We hypothesize that this could be due to a substantial percentage of unknown genes among the female-biased ones (thus the higher proportion of unknown transcripts), but further investigation is needed to clarify this point. A more rapid evolution of reproductive genes, especially of male-enriched transcripts, is known (Reinke et al. 2004; Zhang et al. 2004; Cutter and Ward 2005; Clark et al. 2006) . A shared feature of those genes is the significant excess of orphans, that is, genes with no sequence similarity with orthologs from closely related species. That female-biased genes had 12% more Blast2GO matches is indicative of their higher conservation in comparison with the male-biased ones. Testis-biased genes represent the largest class of tissue-specific genes in D. melanogaster (Chintapalli et al. 2007) , and the observation that expression in sex-limited tissues drives the rapid evolution of sexbiased genes suggests that sex-biased expression may be an adequate predictor of evolutionary rate.
Polymorphism of Transcriptionally Biased Genes
We performed a polymorphism analysis to test if variability patterns in our data set were consistent with the above-discussed observations. The efficiency in detecting polymorphism can be affected by coverage. We did not find a correlation between gene expression and number of SNPs that were identified ( fig. 5 ). To assess polymorphism among differentially transcribed genes, we calculated the values of S, g, number of singletons, p, h, Tajima's D, Fu & Li's D* and F* for 13,441 genes. Kernel density plots of Tajima's D, Fu & Li's D* and F* in the first two rows of figure 6 show that both family-and sex-biased genes (red lines) are more variable compared with unbiased genes (black lines; statistical significance in table 7 ). The last row includes the comparisons MBE between female-(red lines) and male-biased genes (blue lines), showing a greater polymorphism in the latter. As discussed above, female-biased genes might have a higher degree of pleiotropy (Mank et al. 2008; Mank and Ellegren 2009; Meisel 2011) , thus having few opportunities for neutral and adaptive evolution (e.g., Fisher 1958; Kimura 1983; Connallon and Clark 2011) . Green lines depict the variability of biased reproductive genes included in table 5, which represent the most polymorphic subset of the analysis. A higher polymorphism could depend on lower selective constraints (with the accumulation of mutation with no sensible effects on fitness) or positive selection. Reproductive traits are subject to sex-specific natural selection, which affects the fitness of the individual and, therefore, its reproductive success. They are also subject to sexual selection, which acts on fertilization success, mating preference, and sperm competition. Most of the sex-biased reproductive genes included in our analysis are involved in spermiogenesis, male fertility, fertilization, gamete recognition, and sperm motility. These functions play a central role in male reproductive fitness in a broadcast spawning organism (Levitan 1998 ) and could likely be under positive selection. Our whole-transcriptome Transcriptome Analysis of Ruditapes philippinarum · doi:10.1093/molbev/msr248 MBE scan of polymorphism provides an indication of the evolutionary intraspecific trend of biased genes and appears to be consistent with the patterns observed in other species (Reinke et al. 2004; Zhang et al. 2004; Cutter and Ward 2005; Clark et al. 2006) . Establishing positive selection as explanatory for our data would require a deeper analysis that must include sequences from closely related species to perform divergence tests. 
FIG. 7.
A simplified model for DUI and sex determination. Transcription factors (e.g., ubiquitination genes) stored in female oocytes would activate sex-gene expression in early embryonic developmental stages, and male development would require the crossing of a critical threshold of masculinizing transcripts. The sperm genotype contributes to F2 sex bias. (A, B) A ''female egg'' will produce a female regardless the genotype of the spermatozoon. (A) If it is fertilized by a spermatozoon with a ''female-biased'' genotype (g), the F1 female will produce mostly female eggs. (B) If it is fertilized by a spermatozoon with a ''male-biased'' genotype (G), the F1 female will produce both egg types (50:50). (C, D) A ''male egg'' will produce a male regardless the genotype of the spermatozoon. (C) If it is fertilized by a spermatozoon with a ''male-biased'' genotype (G), the F1 male will produce sperm carrying a male-biased genotype (G). (D) If it is fertilized by a spermatozoon with a ''femalebiased'' genotype (g), the F1 male will produce both sperm types (50:50). Some ubiquination factors could also be involved in mitochondrial inheritance, and their differential expression could be responsible for the different fate of sperm mitochondria in the two families: degradation (A, B) or maintenance (C, D). Note that the genomic sex-determining factors (G and g) probably comprise more than one gene; recombination among these genes and environmental factors could account for the nearly continuous distribution of sex ratios among families (table 1; fig. 1 ). (table 5) . Indeed, 27 of 32 sexbiased reproductive genes are male-biased, despite the lower proportion of male-biased genes among annotated transcripts ( fig. 3) . This points to a higher abundance of reproduction-specific genes among those with a male bias. Moreover, the vast majority of these genes are involved in spermiogenesis and sperm motility (table 5) , on which the reproductive success of a broadcast-spawning organism is strongly dependent (Levitan 1998) . We also identified about 200 genes involved in ubiquitination, of which 8 show a male-biased transcription, indicating their potential role in spermatogenesis (table 6 ). The expression pattern observed in the two categories highlights genes that could be involved in the preformation process. Among differentially expressed reproductive genes (table 5) , a good candidate is SRY (sex determining region y)-box 30 (SOX30), which is a transcription factor implicated in the differentiation of developing male germ cells (Wallis et al. 2008 ).
Other than being male-biased, it is 7.6 times more expressed in females of the male-biased family compared with females of the female-biased family. Females of Family 2 could express this gene in the eggs to bias the development of the future embryo towards maleness. Among ubiquitination genes, ubiquitin activating enzyme 1 (uba-1) and proteasome subunit alpha 6 (psa-6) are both biased towards Family 2 (table 6); This would be in line with a function in male embryo preformation too. The family-biased expression of ubiquitination genes can be easily linked also to the fate of sperm mitochondria (degradation vs. maintenance). This is an important datum for the DUI system since the involvement of ubiquitination was hypothesized on the basis of what was observed in mammals (Sutovsky et al. 2000; Sutovsky 2003 ) but we still lack direct evidence. Our findings are consistent with a relationship between ubiquitination, sex bias, and mitochondrial inheritance and provide candidate genes for further investigation. In both the reproductive and ubiquitination categories, baculoviral IAP (inhibitor of apoptosis) repeat-containing 4 (birc4) shows a strong sex-family interaction: It is male and Family 2 biased (tables 5 and 6). Mutation of an IAP protein (Birc6) in mouse leads to mitochondrial apoptosis (Ren et al. 2005) . The fact that birc4 is 5.47 times more highly transcribed in males of the male-biased family might indicate a role of this specific gene in sperm mitochondria heredity in DUI species. Accordingly, it is the only gene showing a transcriptional bias among the 20 baculoviral IAP genes annotated.
A Model for DUI and Sex Determination
Here, we propose that the preformation process stands at the basis of both sex determination and DUI. A simplified scheme of the model is shown in figure 7 . Transcription factors (e.g., ubiquitination genes) stored in female oocytes during gametogenesis would activate sex-gene expression in the early embryonic developmental stages, and the sex differentiation process would be multifactorial and quantitative. Male development would require the crossing of a critical threshold of masculinizing transcripts (see also Kenchington et al. 2009 ), and genes containing male-exclusive SNPs could be among those responsible for maleness. Supporting that, we observed that a substantial proportion of genes with male-specific SNPs are involved in sperm functionality (supplementary table S4, Supplementary Material online). Other than having a role in sex determination, some ubiquination factors could also be involved in mitochondrial inheritance, and their differential expression could be responsible for the different fate of sperm mitochondria in the two families. Family 2-biased ubiquination factors could protect sperm mitochondria from degradation and allow them to actively participate in male germ line development (Breton et al. 2007; Passamonti and Ghiselli 2009) . Supporting that, a link between DUI and gonochorism (as opposed to hermaphroditism) was demonstrated by Breton, Ghiselli, et al. (2011) in unionid bivalves. Otherwise, DUI could be a side effect of the mechanism of sex determination, as recently proposed by Kenchington et al. (2009) : According to them, paternal mitochondrial DNA (mtDNA) and maleness are co-inherited but not causally linked. They observed that in Mytilus hybrid crosses, maternally determined sex bias is disrupted (though only in female-biased mothers), that triploid individuals were males and that some of them did not carry the M-type mtDNA. In the light of our model, transcription factors present in the egg would not function correctly (or be less effective) in hybrids because of regulatory incompatibilities, and the fact that triploids are males would be ascribable to a dosage effect.
Supplementary Material
Supplementary tables S1-S4 and figure S1 are available at Molecular Biology and Evolution online (http:// www.mbe.oxfordjournals.org/).
